The monogenean Gyrodactylus gasterostei and its host, the three-spined stickleback Gasterosteus aculeatus, were employed as a model system to investigate the influence of gyrodactylid maturity on host transfer. Laboratory experiments included the determination of maturity (presence of a male copulatory organ) and reproductive status (presence of a daughter parasite) of the transmitting worms. Parasites with a male copulatory organ were more likely to abandon the host and attempt a host transfer. Additionally, in vivo video observation suggested that detached worms employ water turbulence to assist their effective transfer onto a new host.
Introduction
Gyrodactylids are fish ectoparasites (Monogenea). The life-cycle of monogeneans is direct, i.e., transmission does not require an intermediate host. Harris [1] described the mode of reproduction as exceptional; the key feature of this genus is the viviparous mode of reproduction, giving birth to full-sized living individuals, thus allowing fast population growth on the fish host. Infection of new hosts can occur through direct transmission, i.e., occurring when an infected host makes direct skin-to-skin contact with another fish, e.g., fin touching. Four basic transmission profiles were described by Bakke et al. [2] : (1) by contact with live hosts; (2) by contact with dead hosts; (3) by detached parasites drifting in the water column; and (4) by parasites attached to a solid substrate. One of the first descriptions of a specific migratory behavior that facilitates transmission from dead hosts was detailed previously [3] [4] [5] . Another remarkable case of gyrodactylid transmission behavior was reported by El-Naggar et al. [6] . These authors indicated that the Gyrodactylus rysavyi Ergens, 1973 demonstrated an exceptionally efficient infection mechanism: this specific parasite was capable of directional swimming by flexing its body, involving~4-8 looping contractions/s with a speed of 1.7-5 mm/s, and a distance of~15 cm, allowing to reach its Nile catfish Clarias gariepinus (Burchell) host. However, these authors reported that Macrogyrodactylus congolensis (Prudhoe, 1957) and Macrogyrodactylus clarii (Gusev, 1961) do not possess the ability to perform-twitching or swimming movements, even though they also parasitize the Nile catfish. 
Experiment 2. Parasite Choice of Live or Dead Hosts
A total of 1316 parasites were studied, and the experiment was repeated 20 times. The majority contained a daughter in utero but no male copulatory organ ( Table 2 ). The parasites preferred to migrate to live fish instead of dead fish (p < 0.0001). Twenty-three (1.7%) parasites migrated to the uninfected live fish, 14 (1.1%) parasites migrated to the uninfected dead fish, 70 (5.3%) parasites looped off but failed to re-attach, and 1209 (91.9%) parasites remained on the original hosts. 
Experiment 3. One-to-One Fish Cohabitation
Of the 3877 parasites collected, 290 (7.48%) migrated from the infected live fish to the uninfected dead fish (Table 3) . Of these parasites, 104 (35.9%) were mature and contained a daughter in utero. The Kruskal-Wallis test indicated that there were significant differences (K = 18.66, p < 0.001) between the parasites remaining on the infected live fish, those that had migrated to the uninfected live fish, those that had migrated to the uninfected dead fish, and those on the control fish ( Table 3) . The Wilcoxon test indicated that a higher proportion of worms migrated to the dead fish than to the live fish (W = 100; p = 0.007).
Experiment 4. Video Monitoring of Gyrodactylid Transmission In Vivo
The videos clearly showed that the parasites detached from the platform only when the fish swam nearby. In addition, the movement of the parasite matched the direction of the vortex generated by the fish's fin, suggesting that parasite detachment is mediated by water turbulence only. The movement of the parasite through the water column suggests that G. gasterostei exploits the upward trajectory of water vortices generated by the stickleback's fins to assist in transmission (Supplementary Materials Video S1-S4). 
Discussion
This study describes several factors, including maturity and reproductive status, that influence the transmission of the parasitic worm G. gasterostei. In Experiment 1, we found that worms with a developed MCO left the host (Table 1) . Our results suggest that gyrodactylids that have given birth at least once are more likely to leave the host following its death than are worms that have not yet given birth, according to Harris [12] . Grano-Maldoando [18] found that parasites containing an MCO were significantly more likely to transfer to new hosts than were worms lacking an MCO. The process of leaving a host may also depend on the nutritional status of the worm; perhaps the process requires a filled gut or high energy reserves. [18] observed that lipid droplets were particularly associated with the gut lining, and that there is significant variability in the volume of stored lipid carried by each individual. In this regard, it is possible that the large size of gyrodactylid embryos in utero physically constrains feeding during the latter stages of development by blocking food entry into the intestinal crura. This possibility suggests that older worms have less-filled guts, and hence, would leave less often. Cable et al. [5] reported that detached, starved parasites can abort their embryos and might have a significant influence on the reproductive rate. Previous findings suggest that gyrodactylids give birth to less than four daughters in their lifetime, e.g., Gyrodactylus alexanderi on three-spined sticklebacks [19] and Gyrodactylus bullatarudis on guppies [20] .
In Experiment 2 we similarly observed that parasites with an MCO were more likely to leave live hosts than were worms lacking an MCO. This experiment was performed using three different types of hosts in the same chamber (i.e., live infected, live uninfected and dead uninfected), which is less controlled than paired experiments (i.e., using only two types of host at a time). In Experiment 3, which was performed 20 times, we put only one live infected fish, one live uninfected fish, and one dead uninfected fish into the chamber. The dead fish was clearly favorable for the transmission of gyrodactylids (the worms that left the infected fish chose the dead fish over the live one). This result is not surprising, since gyrodactylids that abandon or dislodge from live fish into the water column eventually descend by gravity to the seabed or vessel floor, where dead fish are located. There are no reports indicating that G. gasterostei is capable of directional swimming to reach live fish. Although we did not observe directional swimming in our study, we did not specifically evaluate it, and further studies on this subject are warranted.
El-Naggar et al. [6] reported that G. rysavyi swims to increase its chances of transmission to a new host. Schelkle et al. [21] suggested a swimming-like behavior for the gyrodactylid Ieredactylus rivuli, which infects Rivulus hartii Boulenger in Trinidad.
The three-spined stickleback has been comprehensively studied. This fish is generally considered to be a benthic feeder [22, 23] . Hence, the sinking of recently-detached G. gasterostei worms, and their subsequent attachment to dead fish on the seabed or vessel floor, likely increases the parasites' chances of transmitting to a new stickleback. Olstad et al. [11] indicated that the infection of dead fish may also be favorable for gyrodactylid survival: Gyrodactylus salaris worms that remained on a dead salmon host at 18 • C survived for up to 72 h, whereas worms moving off the dead host survived only for up to 27 h. The authors also indicated that parasites on a dead host live for twice as long as individuals maintained in vitro, probably as a result of sustained feeding. Recent research has demonstrated that G. gasterostei has transmission strategies to reach a new host: the presence of the ultrastructure of coiled musculature myosin and actin fibres component. Also, these parasites are able to store lipids in the gut lining and survive off the host, the three-spined stickleback [18, 24] .
These interesting phenomena were observed in a period of 1.5-3 h after starting the experiment, and suggested that well-fed, mature parasites are the most suitable for transmission. Future studies should include a time-course of parasite transmission (i.e., recover transmitted parasites every 5, 8, or 12 h), perhaps even evaluating shorter periods (i.e., every 20 or 30 min), to comprehensively determine transmission rates in dead and live sticklebacks. Observation could be achieved following a single parasite on the fish using a few drops of neutral red (0.1%).
In our study, no other gyrodactylid species (i.e., Gyrodactylus arcuatus) were found on the surface of the fish. All of the parasites lacked excretory bladders and exhibited a characteristic shape in the ventral bar [8, 25, 26] ). There are some features which help to identify grydocatylids, i.e., the MCO (penis) is a spherical and muscular organ with a series of spines which vary in size and number, and are important for the taxonomic differentiation of species. However, the penis is not always present. The shape of the skeletal elements of the opisthaptor, the marginal hooks, the hamuli, and the dorsal and ventral bars are important in the taxonomic identification of the species. Two accessory bars, the ventral and dorsal bars, function to stabilize and coordinate the movements of the hamuli [25, [27] [28] [29] . In this study, parasites could be compared with other photographs of Gyrodactylus [29, 30] .
In our study, no other gyrodactylid species (i.e., G. arcuatus) were found on the surface of the fish. All of the parasites studied lacked excretory bladders, and had ventral bar with short processes characteristic for G. gasterostei. This observation may explain why the sticklebacks differed in the natural infection levels of G. arcuatus [26, 31, 32] .
A recent study elaborated by Lumme et al. [33] in Baltic populations of the three-spined stickleback G. aculeatus (L.) demonstrated that the transmission between host generations may present a model for studying the population dynamics of the parasite, which is important for understanding the evolution and coevolution of the host-parasite system. The local mitochondrial diversity of Gyrodactylus arcuatus (Bychowsky, 1933), is very high while the spatial differentiation is weak. For this reason, transmission can be studied at the level of haplotypes. The main results derived from this research are that terms such as 'nesting and polygamy' are suggested as factors maintaining the high genetic diversity of the parasite population. Also, the transmission dynamics and the population structure of G. arcuatus (Baltic strain) is fundamentally different from that of G. salaris (Malmberg, 1957) , parasitizing the Baltic salmon Salmo salar (L.), which is a very important conclusion, given the impact that G. salaris has had on Atlantic Salmon strains [8] .
Using video recording, we observed that worms may employ water turbulence to detach from a substrate and move towards the fish. The slow-motion videos clearly showed that the parasites detached exactly when the fish swam nearby, not before or after, and that the movement of the parasites after detachment matched the direction of the vortex generated by the passing fish's fins. No free parasites were observed in the absence of nearby fish, indicating that parasite detachment was due solely attributable to the water turbulence created by the fish. It is possible that parasites may initially detect water movements associated with an approaching host using mechano-chemical and photosensitive receptors [15] . We observed that complex water flows, e.g., the pectoral-fin wake, may improve parasite transmission (see, for example, supplementary video S3). The effects of water turbulence have been studied by a number of investigators [34] [35] [36] , in order to examine the locomotion of the rainbow trout Oncorhynchus mykiss. It was found that the pectoral fins produced circular vortices capable of transporting several particles (i.e., parasites) onto the fish's body. Perhaps these vortices could be used by G. gasterostei in the same way. We propose that water turbulence may comprise an additional gyrodactylid transmission route, although its relative importance with respect to the other recognized routes is unknown. More evidence, and an effective particle-tracking experiment detailing the hydrodynamic forces, are clearly needed.
Fish skin and gills may undergo morphological and/or histopathological changes when exposed to substances which may damage tissues or influence gyrodactylid transmission. Anesthetic, for example, was shown not to have an effect on gyrodactylid transmission [10] . However, formaldehyde was found to cause mild hyperplasia and detachment of respiratory epithelium in the gills of juvenile Mugil liza (Valenciennes) [37] . Fish tolerance to formaldehyde may be species-specific. Unfortunately, in our study, we did not examine the probable effect of formaldehyde on fish. To the best of our knowledge, all fish used in our experiments did not exhibit any erratic behavior or skin disorder. Future studies are warranted to evaluate whether the effects of formaldehyde, including possible gill and skin damage, affect gyrodactylid transmission in sticklebacks.
The possibility of finding just one species of Gyrodactylus did not raise suspicion; some authors [13, 26, 31, 32, 38] have investigated local adaptation and maturity, showing that in the Gasterosteus-Gyrodactylus example, differential host immune resistance may instead explain differential accumulation of parasites. To explain why local adaptation appears lacking, we must understand the strength of selection and the population genetic structure of both parasite and host. To understand why immune resistance is different among populations, we must (1) rule out adaptation to the laboratory with extra replication of populations incorporated in a full factorial design; (2) test for possible trade-offs or genetic linkage with other important fitness-related traits; and (3) rule out the effects of drift and inbreeding. Finally, to understand why immune resistance changes with life stage, we need to test infection rates in more natural settings, such as by reciprocal transplant experiments.
Our results indicate that personnel involved in fish disease activities, e.g. aquaculture, should remove dead fish as soon as possible, in order to minimize parasite transmission in the bottom of the tank. Personnel should also periodically check for the presence of parasites in order to accurately assess the risk of parasite transmission.
Materials and Methods
Four experiments were conducted to assess parasite behavior: migration from dead hosts; choice of live or dead hosts; one-to-one fish cohabitation; and video monitoring of gyrodactylid transmission in vivo.
Source of Hosts and Parasites
An experimental model using G. gasterostei and its host, the stickleback G. aculeatus, was used in this study. The naturally-infected fish were collected from a settlement pond which feeds a commercial fish farm on a branch of the River Allan near Stirling, Stirlingshire, Scotland (56.1104917, −3.97368). The fish were transferred to an aquarium facility at the Institute of Aquaculture, University of Stirling, where they were held in 25-L black plastic tanks containing aerated "home" stream water at 15 ± 1 • C. The fish were fed ad libitum on a diet of frozen bloodworms (Gamma, Chorleywood, UK). Uneaten food and solid wastes were removed daily using a siphon, after which the water (dechlorinated using an ELGA C960 carbon filter (ELGA&VEOLIA LAB, High Wycombe, UK), aerated, and conditioned at 15 ± 1 • C) was replaced. Dead fish were removed from the tank. Dissolved oxygen levels were nearly 100%, salinity was 5 g/L, and light conditions (measured with a handheld light meter) were 2800 lux on a 12-h photoperiod. The fish were given a minimum of 48 h following capture to adjust to the tanks before experimentation. Feeding was stopped one day prior to each experiment, in order to maintain water quality and reduce fish stress. All experiments were performed in accordance with a Home Office UK License (Act 1986 Scientific Procedures on Living Animals PPL No. 60/4088, 60/4715).
Parasite Free-Hosts
Parasite-free G. aculeatus were obtained by treating selected fish (with few or no visible parasites) with 300 mg/L of formaldehyde for 60 min under constant aeration. Following treatment, the fish were transferred to a recovery tank containing clean, aerated, dechlorinated water. The fish were maintained for 10 days following treatment, and examined again prior to use to ensure that they were parasite-free. If the fish were still infected, they were given a second formalin treatment. Prior to experimentation, the fish were anaesthetized with 0.01 M 2-phenoxyethanol (MERCK, Darmstadt, Germany), and examined under an Olympus SZ30 stereo microscope (Olympus, Tokio, Japan) to ensure that no parasites were present. Afterwards, the fish were maintained for 3 more days before commencing experiments.
Experiment 1. Parasite Migration from Dead Hosts
Twenty individual sticklebacks were euthanized with 2-phenoxyethanol, and placed in individual Petri dishes containing clean water at 15 • C. The fish were observed under an Olympus SZ30 stereomicroscope for 100 min, then all of the gyrodactylids that had migrated off the fish to the bottom of the petri dish were collected with a 200 µL pipette. Each parasite was transferred to a slide, coverslipped with a drop of Malmberg's fixative (ammonium picrate glycerine), and examined for maturity status using a compound microscope (Olympus BX51, Olympus) with a 100× oil-immersion objective. The fish carcasses containing non-migrated parasites were fixed in 80% ethanol, then these parasites were examined for maturity status. The hard parts of the opisthaptor were used to identify the gyrodactylid species. The maturity status was classified into four developmental states (Figure 1 ): (1) no daughter present in utero and no male copulatory organ (ND/N MCO); (2) no male copulatory organ, but a daughter present (N MCO/D); (3) male copulatory organ present, but no daughter (MCO/ND); and (4) both male copulatory organ and daughter present (MCO/D). A daughter was considered to be present if the rudimentary hard parts of the opisthaptor or attachment hooks were evident. The male copulatory organ was considered to be present only if the spines were clearly visible (Figure 1) . A Pearson's Chi-squared test was used to determine whether the presence of a male copulatory organ in the migrating and non-migrating parasites correlated with successful transmission. The anesthetic itself (0.01 M 2-phenoxyethanol) did not affect the transmission of Gyrodactylus in a preliminary study. 
Experiment 2. Parasite Choice of Live or Dead Hosts
Infected sticklebacks were cohabited with one uninfected live and one dead fish in a 200 mL chamber for 3 h at 15 °C, under ambient light conditions (2800 lux). After the period of cohabitation, the live fish were euthanized and all were immediately preserved in 80% ethanol to fix the gyrodactylids without changing the parasite's density infrapopulation. The water from each chamber was also mesh-filtered (20 µm) in order to collect the free parasites. Parasite maturity status was determined using the same protocol as in Experiment 1. A Chi-squared test was used to determine whether host status (alive vs. dead) correlated with successful transmission. The experiment was performed 20 times.
Experiment 3. One-to-One Fish Cohabitation
To exclude the possibility that the existence of other fish in the chamber influenced host transfer in Experiment 2, only three fish were used in Experiment 3: one infected live fish was cohabited with one uninfected live fish and one uninfected dead fish. This experiment was also performed 20 times. An uninfected live fish alone in the chamber was used as a control to determine whether parasites attempt to transit without a fish trigger. Parasite maturity status was determined using the same protocol as in Experiment 1. Kruskal-Wallis & Wilcoxon non-parametric tests were used to evaluate whether host status (alive vs. dead) correlated with successful transmission (Table 3 ).
Experiment 4. Video Monitoring of Gyrodactylid Transmission In Vivo
During transmission, parasites may dynamically use water turbulence and vortexes formed by water and fish movements. To investigate this possibility, the movement of parasites during 
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Experiment 4. Video Monitoring of Gyrodactylid Transmission In Vivo
During transmission, parasites may dynamically use water turbulence and vortexes formed by water and fish movements. To investigate this possibility, the movement of parasites during transmission were tracked by video recording, using a 16 × 15 × 8.5 cm experimental chamber with a viewing platform positioned within an 80 cm-square translucent photo tent. A Veho Discovery Deluxe USB microscope (Veho, Southampton Hampshire, UK) with 400× magnification (VMS-004D) was focused on the platform, and relayed the video directly to a computer. The video was edited using Adobe Premiere Pro 1.5 (Adobe, San Jose, CA, USA) for creating the graphics, and Windows Movie Maker 5.1 (Microsoft. Redmond, WA, USA) for editing the original footage. For the study, parasites (n = 9) were dislodged from a fish host and placed individually with a micropipette into the middle of the viewing platform. One non-infected fish was introduced into the chamber, and video recording was started. Nine videos were recorded, showing different scenarios (dislodge parasites reaching swimming fish; dislodge parasites employing turbulence and vortex to reach the swimming fish). However, we employed just four in order to show our best results. 
